We report in detail the defect dynamics in the active region by monitoring the external quantum efficiency (EQE) -injection current curves, I-V curves, and electroluminescence spectra during the ageing test, under a forward current of 850 mA (85 A/cm 2 ), room temperature. We apply a two-level model to analyze the EQE curves and the electroluminescence spectra. The results suggest that high injection density during the ageing may reduce the density of the Shockley-Reed-Hall nonradiative recombination centers and enhance the carrier mobility and diffusion length. The former effect would directly lead to initial surge of EQE, whereas the latter would enhance the effect of extended defects which leads to reduction in peak EQE and increase in EQE droop rate. 
Introduction
Though the GaN-based multiple quantum wells (MQWs) light-emitting diode (LED) have been undergoing a rapid improvement in brightness, as well as external quantum efficiency (EQE), it has two issues remain to be tackled -one is the deceasing in EQE with injection current density (J f ), namely "EQE droop" [1] , and the other is the luminous degradation [2] . Both of them may have multiple mechanisms, and some are shared by the two issues. Defects growth, Ohmic contact degradation, and darkening in the encapsulation can quench the luminous intensity slowly. Several mechanisms have been considered to be responsible for the EQE droop, such as Auger recombination [3, 4] , electron leakages [5, 6] , insufficient hole injection [7, 8] , and defect-related mechanisms [9] [10] [11] [12] . In our recent work, we associated the EQE droop with extended defects (EDs). As J f increases, point defects (PDs) levels that initially act as nonradiative recombination centers by capturing the carriers will gradually be saturated, corresponding to the rising part of the EQE-J f curve; while at high J f , mobile carriers free from energy fluctuations will be captured by EDs, leading to EQE droop [11, 12] . Therefore we believe that there exist some connections between EQE droop and luminous degradation: the evolution of defects in the device, which has proved to be one of many ramifications of high forward current and temperature stress [13, 14] . Hence, as different types of defects are generated during the ageing, along with the luminous degradation, the EQE-J f curves are shifting slowly. That helps us to evaluate the defectdynamics which in turn enriches the theoretical basis of LEDs lifespan prediction for industry needs. However, because these two topics traditionally were investigated separately, only a few works seen in the literature hitherto focusing on the evolution of the EQE curve with ageing [14] [15] [16] [17] .
In this work, we investigate the changes in the EQE curves, I-V curves and EL spectra during a high-current-stress ageing test. The initial rise in the low-current EQE, in conjunction with changes in the forward voltage in the same period, indicates that high current stress reduces the density of PDs where the undesirable Shockley-Reed-Hall (SRH) recombination takes place, and therefore enhances the carrier densities as well as its mobility and diffusion length, which are further supported by the accompanying blue-shift in ELs with ageing time. At higher injection density, the rise in carrier mobility leads to the fact that more carriers are captured by EDs, and therefore higher EQE droop rates. 
Experimental setup
We employed InGaN/GaN MQW LEDs with similar structures to the device of sapphire substrate in [12] , where we performed spatially resolved EQE study. The structure of these devices employed in this work is illustrated in Fig. 1(a) . The chips in the devices were 1 mm 2 in size. To avoid the influence from encapsulations, we removed them when measuring the optical parameters, and covered them back before send the devices to ageing. We subjected 7 these devices to direct current stress on I f = 850 mA, corresponding to J f = 85 A/cm 2 , at room temperature (~300 K). We measured the EQE curves with I f ranging from 0.1 to 750 mA (J f = 0.01-75 A/cm 2 ), along with the related EL spectra and different forward voltages (V f ). These measurements were carried out before ageing (denoted as 0 h) and at 7 time points of ageing: 196, 484, 800, 1160, 1688, 2468 and 3224 h. The optical parameters were measured by a Spectro320 (Instrument Systems Inc., Germany), and Keithley 2400 and 2510 (Keithley Instruments Inc., USA) served as electrical multimeter and temperature controller, respectively.
Results and discussions
From the optical power and forward current we are able to calculated the EQE, which is defined as the ratio between the number of photons emitted per second, hv n , and the number of electrons injected into active region per second, e n , by using the Eq. (1) below.
In the numerator of the right-hand side of Eq. (1) ageing time for four selected current levels from low to high. All of them show initial increases with ageing, although by different degrees. The improvement for the lower current portion is more significant and the EQE saturates at around 200 h, and remains more or less the same afterward; whereas for the higher current portion the improvement is less significant and the EQE decreases after ~200 h. These observations can be seen more clearly from the normalized EQE vs. ageing time curves shown in Fig. 1 (e) for different ageing stages: fresh, mid-term, and long-term, respectively. Ageing improves the low current EQE, but at high current it leads to lower EQEs as well as higher droop rates. Figure 1(f) shows that the maximum EQE vs. ageing time for 3 devices, exhibiting non-monotonic behavior with peaks at τ a = ~500 h. Our ageing data for high current contradict to most of the previous reports where monotonic darkening at high current was observed with ageing [18] [19] [20] [21] [22] . There are nonetheless some literature reported the similar initial intensity increase [15] [16] [17] . Noting that the EQE curves are determined largely by interplays between radiative and nonradiative recombination of the carriers, we analyze the rising part using a two-level model [11] . The rising part of the EQE curve can be described by Eq. (2).
In Eq. (2), C is a constant depending on the light extraction rate of the device; /
, where W r, and W t denote the inter-band radiative recombination rate and nonradiative recombination rate via PDs, respectively; γ t the defect capture rate; N t the density of defect states. In the low current region, because of the low carrier mobility due to energy band fluctuation, the most relevant nonradiative recombination centers are uniformly distributed PDs. Note that N t = 0 thus β = 0 yields / 1 EQE C η = , indicating 100% internal quantum efficiency (η IQE ). Equation (2) fits the experimental data exceptionally well (with all R-squares exceed 0.995), and examples are presented in Fig. 2(a) . The extracted values for α and β vs. τ a are shown in Fig. 2(b) for Device A. We find that β decreases significantly with increasing ageing time, in particular very rapidly in the initial 196 h, but α remains more or less the same, suggesting that ageing has resulted in reduction of N t or the number of nonradiative recombination centers. This finding further suggests that high injection current can modify some PDs, and makes them either diminish or become benign. In the literature, this initial EQE surge was ascribed to Mg dopant activation, including breaking the Mg-H bonds in the p-GaN [15] . However, we argue that this is not necessarily true. As reported, the Mg dopant activation mostly occurs at high temperature annealing during fabrication, usually in the atmosphere consisting of pure oxygen, at the temperature ranging from 1000 to 1300 K [23] [24] [25] . Our EL spectra took during ageing, for example a typical one shown in Fig. 2(c) at 850 mA, indicates that the electron temperature, which is typically higher than the lattice temperature, did not exceed 400 K, thus was significantly lower than the minimum requirement of ~798 K (525 °C) for inducing dopant activation [25] . Therefore, the Mg activation is unlikely to occur at such low temperature. The reduction in non-radiative SRH centers also results in increases in the carrier mobility, leading to longer diffusion length. It increases the probability of the electronhole pairs being susceptible to the EDs, which serves as a kind of non-radiative recombination centers at higher current and would intensify the EQE droop. Therefore, in addition to the raising part of the EQE curve, we also investigate the droop rate δ for the falling part, which is defined as 
In Eq. (3), the max η denotes the maximum EQE in the EQE curve; I η the EQE at I f = I; I max the I f at which the EQE reaches the maximum. Taking I = 750 mA, we evaluate the droop rate as a function of ageing time, as shown in Fig. 2(d) , which exhibits almost inverse trends with respect to β in the Figure 2(b) . The initial increase in droop rate should not be viewed as a negative effect on the device performance. As shown in Fig. 1(d) and Fig. 1(f) , the peak EQE increases and the high current EQE remains nearly the same in the early stage of ageing, which results an increase in the droop rate. The increase in the peak EQE is due to the reduction in SRH recombination, as explained earlier. However, the slow increase in EQE droop rate afterward is due to a different mechanism. The decrease in PDs leads to longer diffusion lengths for carriers, which raise the probability of their being captured by EDs, resulting in less growth or even decease of EQEs at higher injection density. The fact that the increase in carrier mobility enlarges the impact area of each ED is responsible for the slow increase in EQE droop rate with ageing time.
To find further evidence for the reduction in SRH centers and increase in carrier mobility, we also investigated the I-V curve and EL spectra. We could fit all the I-V curves with a rearranged Shockley Function given as Eq. (4) and obtained the series resistance R s .
In Eq. (4), the n denotes the ideality factor; q the elementary charge; I 0 the reverse saturation current; and R s the series resistance. The total R s is the sum of resistance of several parts, such as Ohmic contact, the active region, and gold wires. The Ohmic contact contributes a majority part especially at higher current. The R s vs. τ a is plotted in Fig. 3 (a), which shows a continued increase in R s , due to the degradation in the Ohmic contact. Note that the rise in resistance of Ohmic contact will not directly affect EQE but does affect energy or luminous efficiency, because the device is driven by a current source, therefore the increase in R s only results in increase of V f but would not reduce the current injection into the active region. The connection between the resistance of the active region and the EQE will be discussed later. We also compare the V f vs. ageing time under a constant J f over the entire ageing test, discovering 3 J f regions with different behaviors of V f . Typical V f vs. τ a plots of region #1 (J f <~1.5 A/cm 2 ), #2 (~1.5 A/cm 2 <J f < ~15 A/cm 2 ) and #3 (J f >~15 A/cm 2 ) are illustrated in Figs. 3(b) -(d) for typical J f , respectively. In Region #1, the V f experiences a rapid increase by ~5 mV in the initial 196 h, followed by a slower growing, resembling the black and red lines in Fig. 1(d) ; In Region #2, the V f first decreases by ~1 mV and rises as it does in Region #1, but at a higher rate; and in Region #3, it increases monotonically at the highest rate. The "expected" increases in Region #1 and #2 after 196 h and the entire Region #3 can be ascribed to the increase in R s , while mechanisms of "unusual" behaviors in the initial parts of the first two Regions are interpreted below. In Region #1, where the J f is very low, there always exist ubiquitously distributed local deep PDs levels that enhance the nonradiative SRH recombination and cause parallel tunneling electron leakage which effectively draws down the V f . After ageing, the reduction in the effective PD concentration effectively increases the resistance of the active region and thus reduces the current for the same V f , reflecting as the rise in V f and EQE. It resembles the rise in the shunt resistance. Whereas in Region #2 with moderate J f , the enhance in carrier mobility would then manifest itself as reduction in resistance of the active region, resulting the falling of V f within 196 h. Such effect is so weak that soon neutralized by the Ohmic contact degradation, resulting in the following V f increase.
To study the change in EL spectra, we first define a High to Low (H-L) ratio ζ H-L , which is the ratio between integrated EL intensities, H P and L P , with photon energy larger and lower than the peak energy:
The physical meanings of these parameters are illustrated in Fig. 4(a) . The red and blue region denote the low and high energy parts, respectively. The peak energy can be taken as an approximate for the mobility edge of the carriers. It is found that for all the devices, the EL spectra all exhibit slight blue-shifts as a whole as well as the peak energy, so ζ H-L increases as the ageing goes on, as shown by the black line in Fig. 4(b) . Because the changes in ζ H-L bear high resemblance to the shift in peak energy, as shown in Fig. 4(b) , such blue-shift is resulted from a distortion in the spectrum shape, rather than simply a spectrum shift towards shorter wavelengths as a whole, which means that ageing increases the radiative recombination from more mobile carriers, and at the same time, reduces that from localized states. Note that the line-widths of the spectra do not increase significantly, therefore the effect of junction temperature change on the spectra could be ignored [26] .
The seemingly small shift in the EL spectrum is a subtle effect that would normally be unnoticed. However, the consistency in the trend and among multiple devices indicates that it is a real effect. The loss of emission on the low energy side indicates a change in the energy landscape, possibly alternations in QW width or In composition fluctuations. It further supports the suggestion that ageing improves the carrier mobility, which in turn increases or decreases the peak EQE due to the interplay between the PDs and EDs at different ageing stages.
Conclusion
In summary, with varying ageing time, the high current-stress leads to improvement in EQE at low current throughout the ageing time, initial increase then decrease in the peak EQE, and similar variation but to less extent for the high current region. The experimental results suggest that the PDs may be partly removed by short period of high-current stress, which in consequence could improves the carrier mobility. On one hand, this could increase the EQE at low injection because of less undesirable nonradiative centers; on the other hand, the increase in diffusion length of carriers could make it easier for them to be captured by EDs far away from where they generate, which would result in severer EQE droop at high injections. We need to further confirm these assumptions by carrying out more kinds of measurements, such as low-temperature photoluminescence and ELs, during new rounds of aging in the future. In addition, first-principle researches are expected for improving the solidity of theoretical basis.
